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ABSTRACT: Chirality is typically expressed in chiral molecules,
including polymers. In this work, we demonstrate that chirality can
also be expressed in a polymer molecule that does not contain any excess
of chiral centers; in this specific material the chirality is evoked by a
specific order of manipulations (“events”). The polymer studied is an all-
conjugated block copoly(3-alkylthiophene), in which the first block
contains exactly the same amount of (S)-enantiomers as the second
block (R)-enantiomers. Moreover, to introduce a distinct difference in
solubilityrequired to have multiple consecutive eventsthe S-block is
composed of S-monomers copolymerized with octyl-functionalized
thiophene monomers, while the R-block is composed of R-monomers
in combination with amine-functionalized thiophene monomers. By making use of the difference in solubility of both blocks, a
chiral response can be evoked from this polymer without the need of a chiral trigger.
■ INTRODUCTION
Chirality is omnipresent in nature. Most biological substances
are chiral, and their functioning critically depends on their
chiral nature. In addition, the phenomenon of homochirality is
inherently associated with the creation of life. An object is chiral
if two mirror images, enantiomers, exist that cannot be
superimposed, for instance our hands. Expression of chirality
can only be achieved if at least an excess of one enantiomer is
present. Clearly, chiral effects can be observed if a large excess
of one enantiomer is present, with the ultimate case of
enantiopure compounds. However, sometimes very subtle
effects can already result in chiral expression. For example,
left- or right-handed circularly polarized light is often linked to
the enantiomeric excess of certain chiral molecules, such as the
L-amino acids and D-sugars, or the enantioselective photo-
decomposition of chiral molecules. This has intrigued different
research groups over the past decades.1−5
A cooperative behavior between monomers was observed in
poly(isocyanate)s for the first time, where a small enantiomeric
excess or presence of chiral entities results in a larger chiral
response according to the sergeants-and-soldiers or majority
rules principle.6,7 Also at the nanoscale, chirality can be
introduced in organic molecules.8,9 The chiral expression in
regular, chiral conjugated homopolymers has already been
investigated into detail, very often using circular dichroism
(CD) spectroscopy, that measures the difference in absorption
of left- and right-handed circularly polarized light. In a typical
experiment the polymer is dissolved in a good solvent (e.g.,
tetrahydrofuran (THF) or chloroform (CHCl3)) in which the
individual polymer molecules adopt an often random coil-like,
achiral structure, and no chiral response is measured. If,
however, a critical amount of nonsolvent (e.g., methanol
(MeOH))10,11 is added, the solution is cooled,12 or specific
additives are used,13−15 the polymer molecules stack in a chiral
way, hereby mimicking a one-handed helix, which leads to
typical bisignate Cotton effects. We have shown that in all-
conjugated block copoly(thiophene)s composed of an chiral
and achiral block, the chiral or achiral nature of one block can
be transferred to the other block. In the case that the block
which aggregates first upon addition of nonsolvent is chiral, this
block imposes its chiral stacking on the second block, regardless
whether it is chiral, achiral, or racemic.11,16−18 In this way, the
stacking of the second block can be different from the stacking
that would be found if the second block were a homopolymer.
Even when the block copolymer is formed by H-bonds between
the blocks, such a transfer could be observed.19 The difference
in solubility of the different blocks can be turned either by
varying the side chain length of the monomers of both
blocks16,20−24 or by the introduction of specific functionalities
in the side chains.18,25−35
The polymer studied here is an all-conjugated block
copoly(3-alkylthiophene) (Figure 1), in which the first block
contains exactly the same amount of (S)-enantiomers (S-
monomer) than the second block (R)-enantiomers (R-
monomer); hence, no chiral entity is present in excess. In
addition, the block copolymer is designed in such a way that
there is a distinct solubility difference between both blocks. The
experiment is designed in such way that first one block
aggregates, stacking in a chiral way, followed in a separate step
by the aggregation of the second block, which adopts the same
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chiral stacking as the first block, hence resulting in a chiral
expression.
■ RESULTS AND DISCUSSION
To achieve our goal, one block must selectively aggregate, while
the other remains solubilized. In order to achieve this, both
blocks are a copolymer of the chiral monomer and a second,
achiral monomer: a linear octyl-functionalized monomer (O-
monomer) in the first block and an amine-functionalized
monomer (A-monomer) in the second block (Figure 2). In the
targeted polymer, all monomers are present in exactly equal
amounts, and consequently, both blocks have an equal degree
of polymerization. Note that also an o-tolyl function, which
originates from the Ni initiator being used, is built in at the
beginning of the polymer chain (vide inf ra). To verify whether
under the conditions employed the blocks aggregate or not,
two additional copolymers are prepared. One copolymer
consisting of a chiral monomer and an O-monomer and
another copolymer composed of a chiral monomer and the A-
monomer, mimicking the first and second block, respectively.
The idea behind the designed block copolymer is the fact
that both blocks are soluble in THF, in either basic or acidic
conditions, in which the amine is present as amine or
ammonium salt, respectively. In a mixture of THF and a
sufficient amount of methanol the first block aggregates while
the second, amine-functionalized, block is soluble in acidic
medium, but aggregates in basic environment.36 The experi-
ment in order to invoke a chiral expression is designed as
follows (Figure 2): first, the solution of the block copolymer in
THF is acidified by HCl (event 1). Then, methanol is added
until the first block aggregates (event 2). Since it is chiral, it
aggregates in a chiral way. Finally, a methanolic NaOH solution
is added (event 3), neutralizing the ammonium function and
aggregating the second block as well.
Synthesis of the Polymers. The polymer is synthesized
using a Ni(dppp) (dppp = 1,3-bisdiphenylphosphinopropane)
mediated Kumada catalyst transfer polycondensation (KCTP)
(Scheme 1).37−40 Exploiting the living nature of the polymer-
ization, a mixture of the monomers for the first block is added
to the initiator. When all monomers are consumed, a mixture of
monomers for the second block is added and block
copolymerization is realized, yielding the block copolymer
P(SR). Since the catalytically active Ni species can move along
the growing polymer backbone and realize growth at both
termini,16,41 the o-tolyl Ni initiator (In1) is chosen in such way
that growth is only possible in one directiona requisite for
perfect AB block copolymerization. The monomers are
prepared in situ by a GRIM reaction on the corresponding 3-
alkyl-2-bromo-5-iodothiophene precursor monomers (Schemes
S1 and S2). The polymerization is terminated with acidified
(HCl) THF in order to prevent disproportionation.42 As shown
in Scheme 1, a part of the first block is terminated (P1),
allowing the investigation of the composition, degree of
polymerization and properties of the first block. In order to
be able to investigate the chiral behavior of the second block, a
second copolymerization using the A- and S-monomer is
performed resulting in P2 (Scheme S2). For both copolymers
P1 and P2, the chiral S-monomer is used due to the natural
abundance of the compound.
A first indication of a successful block copolymerization was
delivered by GPC (eluent = triethylamine/THF (5/95) toward
poly(styrene) standards). A clear increase in molar mass is
observed (Figure 3), while the dispersity remains low (P1: M̅n
= 10.5 kg/mol, Đ = 1.1; P(SR): M̅n = 19.7 kg/mol, Đ = 1.2).
GPC of P2 revealed M̅n = 6,0 kg/mol and Đ = 1.3. Note that
GPC is not able to provide the absolute molar masses of the
polymers under study. Calibrated to poly(styrene), the molar
mass of P3ATs is overestimated.43
However, both the composition and degree of polymer-
ization can conveniently be calculated using 1H NMR
spectroscopy. The calculations are based on both the
assignment of separate signals of the different monomers and
the assignment of all possible end-groups.
Chain Length Determination and Monomer Ratio in
P1, P(SR), and P2. In order to determine the chain length of
P1 (Figure 4), the signal of the aromatic o-tolyl proton (a) of
the initiator unit is calibrated to 1. After this, the thiophene
protons (b) are also integrated, from which the average degree
of polymerization (DP) can be derived. So a DP of 28 units is
obtained. The same result is obtained if the methyl group of the
o-tolyl (d) is calibrated to 3 and the α-methylene signals (c) are
Figure 1. Structure of the all-conjugated block copoly(3-alkylthio-
phene) P(SR).
Figure 2. Left: structure of the P(SR) block copolymer. Right:
overview of the different events; blue and red lines represent the block
copolymer. The blue line indicates the copolymer composed of S- and
O-monomer, and the red line represents the copolymer composed of
the R- and A-monomer. Event 1: protonation of the amine-
functionalized thiophene monomers by the addition of HCl; event
2: addition of the nonsolvent (methanol) to aggregate the S-
containing block; event 3: addition of NaOH to deprotonate the
ammonium salt to the amine function, upon which the R-block
aggregates.
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integrated. Now, the ratio of S- and O-monomer can also be
derived from this spectrum. The integration of the S-
monomer’s methyl group (e) indicates that 14 units are
being built in. This means that 14 units are S- and O-monomer,
respectively, yielding a 50/50 ratio.
As done for P1, the DP of P(SR) (Figure 5) can be
calculated using the aromatic region (a and b) and gives a total
DP of 56. As the DP of P1 is 28, this means that the total chain
length has doubled. Next, the relative amount of the four
different monomers needs to be calculated. Because of
overlapping signals, four independent equations are being
used. From the previous calculations we can already conclude
that monomers S and O are in equal amounts present (eq 1).
From the aromatic region, it was concluded that both blocks
are equal in length (eq 2). By having a look at the aliphatic
region of P(SR), the signal around 1 ppm originates from 3
protons of S (d), 3 protons of R (e), and 6 of A (f) (eq 3).
Now to set up the last of 4 equations, the region around 0.9−
0.8 ppm must be put under the scope. Here 6 protons originate
from S (g) as well as from R (h) and 3 protons originate from
O (i) (eq 4).
=S O (1)
+ = +S RO A (2)
* + * + * =S R A3 3 6 2.93 (3)
* + * + * =S R O6 6 3 3.70 (4)
By solving these four equations, it can be stated both S and O
represent 25%, R represents 25%, and A represents 25%. This
means that all monomers are present for about 25% in the final
block copolymer.
In order to obtain the DP of P2 (Figure 6), the aromatic
region is put under the scope and the same procedure as for P1
and P(SR) is used. The signal of the aromatic o-tolyl proton (a)
of the initiator unit is calibrated to 1. After this, the thiophene
protons (b) are also integrated and yields a DP of 14. To
calculate the S/A monomer ratio, the integration values around
1 and 0.9−0.8 ppm are compared, while the α-methylene
protons are calibrated to 2. The signal around 1 ppm originates
from 6 S-monomer protons (f) (eq 5). The integration of 0.8−
0.9 represents 3 S-monomer protons (d) and 6 A-monomer
protons (e) (eq 6).
* =S6 2.75 (5)
* + * =S A3 6 4.13 (6)
This yields a 50/50 mixture of both S- and A-monomers in P2.
In summary, it can be concluded that the block copolymer
P(SR) contains on average 14 chiral monomers and 14 achiral
monomers in each block (i.e., k = l = m = n = 14, Scheme 1);
the block copolymer therefore consists of exactly the same
amount of S- and R-monomers; i.e., no excess of chiral centers
is present. This is indeed confirmed by the optical rotation of
P(SR): it equals [α]D = 0° dm
−1 mL g−1 (c = 0.535 in CHCl3).
Scheme 1. Synthesis Overview of P1, P2, and P(SR) Using the o-Tolyl Ni Initiator
Figure 3. GPC trace of P1 (black curve) and P(SR) (red curve).
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Expressing Chirality. Next, the concept to express chirality
in P(SR), as described in Figure 2, is validated. First, it is
verified that for the several events the specific blocks remain in
solution or tend to stack. This is verified using the individual
copolymers (P1 and P2). Prior to this experiment, the required
amount of solvent (methanol) to aggregate P1 but to keep P2
in solution is investigated. Therefore, methanol was gradually
added to an acidified THF solution. The experiment reveals
that from 21% methanol chiral aggregation occurs and that 30%
is required for complete aggregation (Figures S4−S6). The
amount of methanol added was set to 45% to make sure the P1
copolymer was fully stacked. More than 45% of methanol was
avoided to minimize the risk of flocculation of the aggregated
polymers when NaOH is added.
Consequently, to finalize the overall experiment from event 1
to 3 as depicted in Figure 2, P1 and P2 are first dissolved in
THF. After the addition of HCl (10 μL, 12 M, 120 μmol)
(event 1) the UV−vis and CD spectra remain the same (Figure
Figure 4. Overview of the 1H spectrum in CDCl3 of P1: the aromatic region (left) and the aliphatic region (right).
Figure 5. Overview of the 1H spectrum in CDCl3 of P(SR): the aromatic region (left) and the aliphatic region (right).
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7). When 45% of methanol is added, P1 shows a clear red-shift
and chiral stacking, while P2 remains fully soluble, showing no
stacking or chiral response. Finally, the ammonium salt is
deprotonated in event 3 by the addition of NaOH (0.2 mL, 1
M, 200 μmol) in methanol. After this event P2 shows a clear
red-shift and vibrational fine structure (Figure 7).
Finally, this order of events is repeated on P(SR) (Figure 8).
After event 1 (addition of HCl), no changes appear: the UV−
vis spectrum shows that no aggregation occurs. After event 2,
the UV−vis spectrum clearly changes: the band at 440 nm
partly disappears, and a new, red-shifted band with vibronic fine
structure, a signature of aggregation of poly(3-alkylthiophene)s,
Figure 6. Overview of the 1H spectrum in CDCl3 of P2: the aromatic region (left) and the aliphatic region (right).
Figure 7. Overview of UV−vis (a, c) and CD (b, d) spectra measured after the different events for respectively P1 (a, b) and P2 (c, d), c = 27.3 μg/
mL after event 1.
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together with a positive Cotton effect in the CD spectrum
arises. Notice that there is still a part that absorbs at 440 nm,
which indicates the presence of a fraction of unstacked polymer
chains. This is perfectly in line with the first block being
aggregated and the second one dissolved. After event 3
(addition of NaOH), the absorption band at 440 nm fully
disappears, and the red-shifted band intensifies, pointing at
aggregation of both blocks. Importantly, the CD signal does not
decrease or ultimately vanishes, which would occur if the R-
block would adopt an opposite handedness to the first block.
Instead, it clearly increases in strength. Therefore, chirality is
expressed in a molecule without one of the enantiomers present
in excess. Note that this experiment differs from a sergeant-and-
soldier or majority rules experiment. In those experiments, the
formation of a chiral (super)structure from the achiral structure
occurs in one step. Those experiments increase the chiral
response, but they are not the origin. Our experiment occurs in
multiple steps; the increase of chirality after event 3 is clearly no
sergeant-and-soldier or majority rules experiment.
Expression of chirality in a nonchiral sample is not new. A
typical example is bended, liquid-crystalline molecules, which
tend to organize in chiral domains of opposite handedness.
Hence, depending on the spot that is measured, one of the
helical senses is measured.44,45 However, if the whole
macroscopic sample is measured and averaged over all spots,
no chirality remains present. Moreover, the boundaries are
dynamic. Hence, if one particular spot is measured at different
times and averaged, again no chiral signal is measured. Our
experiment is clearly different: the measurements are done on a
isotropic sample, and the result is therefore independent of the
spot. Moreover, the chirality is also measured in function of
time. Figure 9 demonstrates that the UV−vis and CD signal is
stable up to 30 min, at which time the polymer starts to
flocculate.
■ CONCLUSION
An all-conjugated block copolymer composed of two
copolymer blocks, one containing a chiral S-monomer and an
achiral O-monomer and the second block containing the chiral
R-monomer and an achiral amine-functionalized monomer (A-
monomer), was prepared by KCTP. In this polymer both
blocks are composed of the same amount of repeating units and
equal amount of S- and R- monomers, rendering a polymer that
lacks any excess of chiral centers. Because of the presence of the
amine/octyl group, the blocks have a different solubility. This
was exploited in the consecutive aggregation of the two blocks.
Since the block that aggregates second adopts the same chirality
as the first block, a clear chiral expression can be realized
although no enantiomer is present in excess or any chiral trigger
is used; instead, the chiral expression originates from a specific
Figure 8. Overview of UV−vis (a) and CD (b) spectra measured after the different events for the P(SR) block copolymer; c = 27.3 μg/mL after
event 1.
Figure 9. UV−vis (a) and CD (b) spectra of P(SR) after event 3 measured at different times (0−30 min); c = 14.7 μg/mL after event 3.
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order of events. Moreover, the chiral expression is stable over
time and is isotropic in space.
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